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Ââåäåíèå

Âýéâëåòû � ìàòåìàòè÷åñêèå ôóíêöèè, èñïîëüçóþùèåñÿ äëÿ àíàëèçà

ðàçëè÷íûõ ÷àñòîòíûõ êîìïîíåíò äàííûõ. Èõ îñîáåííîñòüþ ÿâëÿåòñÿ òî,

÷òî öåëîå ñåìåéñòâî ôóíêöèé ïîëó÷àåòñÿ èç îäíîé ñäâèãîì è ðàñòÿæåíèåì

(ñæàòèåì) ïî îñè âðåìåíè. Ñâîèì íàçâàíèåì îáÿçàíû òåì, ÷òî áîëüøàÿ èõ

÷àñòü ïîõîæà íà ðàçíîãî âèäà âîëíû.

Îñíîâîé òåîðèè âýéâëåòîâ ÿâëÿåòñÿ âýéâëåòíîå ïðåîáðàçîâàíèå [9]. Ñóòü

åãî çàêëþ÷àåòñÿ â ñëåäóþùåì: íà âõîä ïîñòóïàåò íàáîð êîýôôèöèåíòîâ

ðàçëîæåíèÿ ñèãíàëà ïî áàçèñíûì ñïëàéíàì, à íà âûõîäå ìû ïîëó÷àåì óæå

2 íàáîðà. Ïåðâûé èç íèõ òàêæå ñîñòîèò èç êîýôôèöèåíòîâ ðàçëîæåíèÿ

îñíîâíîé ÷àñòè ñèãíàëà, íî â ìåíåå òî÷íîì âèäå (çà ñ÷åò óìåíüøåíèÿ

÷èñëà êîýôôèöèåíòîâ). Âòîðîé æå íàáîð ïðåäñòàâëëÿåò ñîáîé ïîïðàâêó,

èñïîëüçóÿ êîòîðóþ ìîæíî ïðèâåñòè ïåðâûé íàáîð îáðàòíî ê èñõîäíîìó

ðàçëîæåíèþ ñèãíàëà.

Ïåðâûå ðàáîòû ïî òåîðèè âýéâëåòîâ ïîÿâèëèñü åùå â íà÷àëå XX âåêà.

Ïåðâîå äèñêðåòíîå âýéâëåò-ïðåîáðàçîâàíèå áûëî ïðèäóìàíî âåíãåðñêèì

ìàòåìàòèêîì Àëüôðåäîì Õààðîì â äàëåêîì 1910 ãîäó. Îíî ïðåäñòàâëÿëî

ñîáîé ïðîñòåéøóþ ãðóïïèðîâêó 2n ÷èñåë ïî ïàðàì è ïðåîáðàçîâàíèå â

ðàçíîñòè è ñóììû ýòèõ ÷èñåë [2]. Äàëåå ãðóïïèðîâêà ÷èñåë ïðîèñõîäèëà

ðåêóðñèâíî óæå ñ ñóììàìè. Îäíàêî, äàííîå èññëåäîâàíèå íå íàøëî

ïðèìåíåíèÿ â òî âðåìÿ è áûëî íàäîëãî çàáûòî.

Èíòåðåñ ê òåîðèè âýéâëåòîâ âîçðîñ â 80-õ ãîäàõ XX âåêà. Ãóïïèëàóä,

Ãðîññìàí è Ìîðëå â 1982 ñôîðìóëèðîâàëè òî, ÷òî ñåé÷àñ èçâåñòíî

êàê íåïðåðûâíîå âýéâëåò-ïðåîáðàçîâàíèå. Â 1988 áåëüãèéñêèé ìàòåìàòèê

Èíãðèä Äîáåøè âûâåëà íàáîð äèñêðåòíûõ âýéâëåò-ïðåîáðàçîâàíèé,
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êîòîðûé íà äàííûé ìîìåíò ÿâëÿåòñÿ ñàìûì ðàñïðîñòðàíåííûì. Çà åãî

îñíîâó áåðóòñÿ ðåêóðåíòíûå ñîîòíîøåíèÿ äëÿ âû÷èñëåíèÿ âñå áîëåå è áîëåå

òî÷íûõ âûáîðîê íåÿâíî çàäàííîé ôóíêöèè ìàòåðèíñêîãî âýéâëåòà. À â

1989 ãîäó Ìàëë ïóáëèêóåò ðàáîòó, â êîòîðîé ïðåäëàãàåò èäåþ êðàòíî-

ìàñøòàáíîãî ìåòîäà.

Ïîñëå ýòîãî ðåçóëüòàòû èññëåäîâàíèé íà÷èíàþò ïðèìåíÿòüñÿ âî

ìíîãèõ îáëàñòÿõ. Â ïåðâóþ î÷åðåäü � â îáðàáîòêå ñèãíàëîâ, ãäå

âýéâëåòíîå ïðåîáðàçîâàíèå íà÷èíàåò èñïîëüçîâàòüñÿ êàê àëüòåðíàòèâà

ïðåîáðàçîâàíèþ Ôóðüå. Â íåêîòîðûõ ñëó÷àÿõ ÄÂÏ ïîêàçûâàåò

çíà÷èòåëüíî ëó÷øèå ðåçóëüòàòû, ÷åì ÄÏÔ. Õîðîøèì ïðèìåðîì ÿâëÿåòñÿ

ìåòîä ñæàòèÿ jpeg. Ýòîò àëãîðèòì ñæàòèÿ äîðàáàòûâàåòñÿ, â íåì

çàìåíÿåòñÿ äèñêðåòíîå êîñèíóñíîå ïðåîáðàçîâàíèå íà âýéâëåòíîå, ÷òî,

â ñâîþ î÷åðåäü, ïîçâîëÿåò èçáàâèòüñÿ îò ðåøåòêè 8 íà 8 ïèêñåëåé,

õàðàêòåðíîé äëÿ jpeg. Íîâûé ôîðìàò ïîëó÷àåò íàçâàíèå jpeg2000 è â

äîïîëíåíèè ê íîâûì óëó÷øåíèÿì íå òåðÿåò âîçìîæíîñòè ïðîãðåññèâíîãî

ñæàòèÿ. Ïàðàëëåëüíî ñ ýòèì â øèðîêî èçâåñòíîì ïàêåòå êîìïüþòåðíîé

ìàòåìàòèêè Mathcad ïîÿâëÿþòñÿ èíñòðóìåíòàëüíûå ñðåäñòâà ïî

âýéâëåòàì. Â íàñòîÿùåå âðåìÿ íàáëþäàåòñÿ ïîâñåìåñòíîå âíåäðåíèå

íàðàáîòîê òåîðèè âýéâåëåòîâ â îáëàñòÿõ, ñâÿçàííûõ ñ îáðàáîòêîé è

àíàëèçîì ñèãíàëîâ, áóäü òî ýëåêòðîêàðäèîãðàììû èëè àíàëèç ÄÍÊ â

ìåäèöèíå, èëè äèíàìèêà ñîëíå÷íîé àêòèâíîñòè â àñòðîíîìèè.

Âýéâëåòíîå ñæàòèå ïóñòü íå øèðîêî, íî óæå ïðèìåíÿåòñÿ â ñæàòèè

èçîáðàæåíèé (íàïðèìåð, âûøåóïîìÿíóòûé àëãîðèòì jpeg2000). Òàêæå

îïóáëèêîâàíû (â îñíîâíîì â ñåòè) ñòàòüè, êîòîðûå îïèñûâàþò äðóãèå,

íî òîæå ñðàâíèòåëüíî õîðîøèå àëãîðèòìû ñæàòèÿ. Íî ýòè àëãîðèòìû

ñæèìàþò èçîáðàæåíèÿ ñ ïîòåðÿìè. Âýéâëåòíîå ïðåîáðàçîâàíèå ïîçâîëÿåò
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ïðîèçâîäèòü äåêîìïîçèöèþ (ïðîöåññ ðàçëîæåíèÿ èñõîäíîãî ïîòîêà äàííûõ

íà äâà äðóãèõ � îñíîâíîé è âýéâëåòíûé) è ðåêîíñòðóêöèþ (ïðîöåññ

îáðàòíûé äåêîìïîçèöèè) òàêèì îáðàçîì, ÷òî âîññòàíîâëåííîå èçîáðàæåíèå

íå áóäåò íè÷åì îòëè÷àòüñÿ îò èñõîäíîãî. È ýòîé îñîáåííîñòüþ õî÷åòñÿ

âîñïîëüçîâàòüñÿ. Êîíå÷íî, î÷åâèäíî, ÷òî âîññòàíîâëåíèå ïðîèñõîäèò

ïîëíîñòüþ ëèøü òîãäà, êîãäà ìû íå òåðÿåì íèêàêèõ äàííûõ; îòñþäà ìîæíî

ñäåëàòü âûâîä î òîì, ÷òî â ýòîì ñëó÷àå ìû è íå ïîëó÷èì ñæàòèÿ. Îäíàêî,

ýòî íå ñîâñåì âåðíîå óòâåðæäåíèå. Êàê óæå áûëî ñêàçàíî, òåîðèÿ âåéâëåòîâ

â ïåðâóþ î÷åðåäü øèðîêî ïðèìåíÿåòñÿ â îáëàñòè îáðàáîòêè ñèãíàëà è òàì

çà÷àñòóþ óäàåòñÿ ñèëüíî ñæàòü ñèãíàë ïðàêòè÷åñêè áåç ïîòåðü çà ñ÷åò

î÷åíü áëèçêîé àïïðîêñèìàöèè áàçèñíûìè ñïëàéíàìè ñ ñîîòâåòñâóþùèìè

êîýôôèöèåíòàìè. Àíàëîãè÷íî ìîæíî ïîñòóïèòü è ñ èçîáðàæåíèÿìè. Ñòîèò

ñðàçó óòî÷íèòü, ÷òî õîðîøàÿ àïïðîêñèìàöèÿ áóäåò äîñòèãàòüñÿ òîëüêî â

îáëàñòÿõ, ãäå ÿðêîñòü öâåòà ñëàáî è ìîíîòîííî ìåíÿåòñÿ. Òàêèì îáðàçîì,

õî÷åòñÿ ïðîâåñòè ïàðàëëåëü ìåæäó ñèãíàëîì è èíôîðìàöèåé, êîäèðóþùåé

èçîáðàæåíèå, è òàê æå õîðîøî ýòó èíôîðìàöèþ ñæàòü çà ñ÷åò âûáîðà

îáëàñòåé ñæàòèÿ. Âûáîð îáëàñòåé äîëæåí áûòü ïðîèçâåäåí òàêèì îáðàçîì,

÷òîáû âýéâëåòíûé ïîòîê ëèáî îêàçàëñÿ áû íàñòîëüêî ìàëûì, ÷òî ìîã

áû áûòü áåçáîëåçíåííî îòáðîøåí, è åãî îòñóòñòâèå íå ïîâëèÿëî áû íà

êà÷åñòâî âîññòàíîâëåííîãî èçîáðàæåíèÿ, ëèáî ïîòîê äîëæåí áûòü õîðîøî

ñæèìàåìûì, òî åñòü, âîçìîæíî, èìåòü âåëè÷èíû, çàíèìàþùèå ìàëî ìåñòî

â êîìïüþòåðíîé ïàìÿòè, ëèáî ïðåäñòàâëÿòüñÿ îãðàíè÷åííûì íàáîðîì

ýòèõ âåëè÷èí äëÿ óñïåøíîãî åãî õýøèðîâàíèÿ. Ïðîèçâîëüíûé âûáîð

îáëàñòåé äàåò íàì åùå îäíî ïðåèìóùåñòâî âýéâëåòíîãî ïðîåáðàçîâàíèÿ

� âîçìîæíîñòü âûáèðàòü íåðàâíîìåðíóþ ñåòêó, íà êîòîðîé çàäàí

íàø ïîòîê (çàêîäèðîâàííîå ÿðêîñòÿìè ïèêñåëåé èçîáðàæåíèå). Èìåííî
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íåðàâíîìåðíàÿ ñåòêà ïîçâîëÿåò ñèëüíî ñæèìàòü èçîáðàæåíèå òàì, ãäå

îò ïèêñåëÿ ê ïèêñåëþ ÿðêîñòü ìåíÿåòñÿ ñëàáî, è ñëàáî ñæèìàòü (äëÿ

ñîõðàíåíèÿ êà÷åñòâà) èçîáðàæåíèå òàì, ãäå èäåò áûñòðàÿ ñìåíà ÿðêîñòåé

îò ïèêñåëÿ ê ïèêñåëþ.

Äàííàÿ ðàáîòà ñîñòîèò èç òðåõ ÷àñòåé. Â ïåðâîé ÷àñòè ñîäåðæàòñÿ

òåîðåòè÷åñêèå âûêëàäêè, íà îñíîâå êîòîðûõ ïðîèñõîäèò âýâëåòíîå

ñæàòèå. Â ÷àñòíîñòè, ââîäÿòñÿ èñïîëüçóåìûå ïîëèíîìèàëüíûå ñïëàéíû,

áèîðòîãîíàëüíûå ñèñòåìû äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ, âûâîäÿòñÿ

îáùèå ôîðìóëû äåêîìïîçèöèè è ðåêîíñòðóêöèè, à òàêæå èõ ÷àñòíûå

ñëó÷àè. Âî âòîðîé ÷àñòè ñîäåðæèòñÿ ôîðìàëüíîå îïèñàíèå äåéñòâèé

àëãîðèòìà ïî ñæàòèþ èçîáðàæåíèÿ. Â òðåòüåé è ÷åòâåðòîé ÷àñòÿõ

ïîäâîäÿòñÿ èòîãè ïðîäåëàííîé ðàáîòû, ïðåäñòàâëÿþòñÿ íåêîòîðûå

ðåçóëüòàòû, íàìå÷àþòñÿ ïåðñïåêòèâû äàëüíåéøèõ èññëåäîâàíèé è

îáñóæäàåòñÿ âîçìîæíîñòü ìîäåðíèçàöèè äàííîãî ïîäõîäà äëÿ óëó÷øåíèÿ

ðåçóëüòàòîâ ñæàòèÿ è äëÿ óâåëè÷åíèÿ êîíêóðåíòíîñïîñîáíîñòè àëãîðèòìà.
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1. Tåîðåòè÷åñêàÿ ÷àñòü

1.1. Îñíîâíûå îïðåäåëåíèÿ è ïîíÿòèÿ

Íà èíòåðâàëå (α,β) âåùåñòâåííîé îñè ðàññìîòðèì ñåòêó

X : . . . < x−1 < x0 < x1 < . . . , α
def

= lim
j→−∞

xj, β
def

= lim
j→+∞

xj.

Ââåäåì òðåõêîìïîíåíòíóþ âåêòîð-ôóíêöèþ (ñòîëáåö) φ : (α, β) 7→ R3

êëàññà C2(α, β), âðîíñêèàí èç êîìïîíåíò êîòîðîé ïðè t ∈ (α, β) ðàâíîìåðíî

îòäåëåí îò íóëÿ:

| det(φ(t), φ ′(t), φ ′′(t))| ≥ c > 0. (1.1)

Ïîëàãàÿ φk
def

= φ(xk), φ′
k

def

= φ′(xk), φ′′
k

def

= φ′′(xk), ðàññìîòðèì ñèìâîëè÷åñêèé

îïðåäåëèòåëü

â(φj+1, φ
′
j+1, φj+2, φ

′
j+2)

def

= det

 φj+1 φ′
j+1

det(φj+2, φ
′
j+2, φj+1) det(φj+2, φ

′
j+2, φ

′
j+1)

 .

Êîîðäèíàòíûå Bφ(X)-ñïëàéíû âòîðîãî ïîðÿäêà ωj(t) îïðåäåëÿþòñÿ

àïïðîêñèìàöèîííûìè ñîîòíîøåíèÿìè

ak−2ωk−2(t)+ak−1ωk−1(t)+akωk(t) = φ(t) ∀t ∈ (xk, xk+1), ∀k ∈ Z, (1.2)

ïðè óñëîâèÿõ supp ωj ⊂ [xj, xj+3], aj
def

= â(φj+1, φ
′
j+1, φj+2, φ

′
j+2). Äëÿ

äîñòàòî÷íî ìåëêîé ñåòêè X êâàäðàòíûå ìàòðèöû òðåòüåãî ïîðÿäêà

Aj
def

= (aj−2, aj−1, aj) íåîñîáåííûå, è ïîýòîìó ñèñòåìà (1.2) îäíîçíà÷íî

ðàçðåøèìà, à ïîëó÷àåìîå ðåøåíèå ωj ëåæèò â ïðîñòðàíñòâå C
1(α, β).

Ëèíåéíàÿ îáîëî÷êà S(α,β)(X,φ) ôóíêöèé ωj

S(α,β)(X,φ)
def

=

{
u | u =

∑
j

cjωj ∀cj ∈ R1, j ∈ Z

}
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ïðåäñòàâëÿåò ñîáîé áåñêîíå÷íîìåðíîå ïðîñòðàíñòâî Bφ-ñïëàéíîâ âòîðîãî

ïîðÿäêà íà èíòåðâàëå (α, β); ïðè ýòîì S(α,β)(X,φ) ⊂ C1(α, β).

Åñëè φ(t)
def

= (1, t, t2)T , òî S(α,β)(X,φ) îêàçûâàåòñÿ ïðîñòðàíñòâîì

ñïëàéíîâ âòîðîé ñòåïåíè ñ ìèíèìàëüíûì äåôåêòîì [3], [8]

ωj(t) =
det(aj−2, aj−1, φ(t))

det(aj−2, aj−1, aj)
ïðè t ∈ [xj, xj+1), (1.3)

ωj(t) =
det(aj−1, φ(t), aj+1)

det(aj−2, aj−1, aj)
ïðè t ∈ [xj+1, xj+2), (1.4)

ωj(t) =
det(φ(t), aj+1, aj+2)

det(aj−2, aj−1, aj)
ïðè t ∈ [xj+2, xj+3]. (1.5)

Íåòðóäíî âèäåòü, ÷òî äëÿ âåêòîðà

dk =

det

[ak−2]1 [ak−1]1

[ak−2]2 [ak−1]2

 ,− det

[ak−2]0 [ak−1]0

[ak−2]2 [ak−1]2

 , det

[ak−2]0 [ak−1]0

[ak−2]1 [ak−1]1

T

ñïðàâåäëèâû ñëåäóþùèå ñîîòíîøåíèÿ:

dTj aj−3 ̸= 0, dTj aj−2 = dTj aj−1 = 0, dTj aj ̸= 0, (1.6)

(ïåðâîå è ïîñëåäíåå ñîîòíîøåíèÿ âûïîëíåíû â ñèëó íåîñîáåííîñòè âñåõ Aj,

à âòîðîå è òðåòüå î÷åâèäíû); òàêèì îáðàçîì, öåïî÷êà âåêòîðîâ dj ëîêàëüíî

îðòîãîíàëüíà öåïî÷êå aj.

Óìíîæàÿ (1.2) íà dTk ñëåâà, ââèäó (1.6), íàõîäèì

ωk(t) =
dTkφ(t)

dTk ak
.

Ïðè óìíîæåíèè (1.2) ñëåâà íà dk−1
T èìååì
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ωk−1(t) =
dk−1

Tφ(t)

dk−1
Tak−1

− dk−1
Tak

dk−1
Tak−1

· dk−1
Tφ(t)

dk
Tak

.

Íàêîíåö, óìíîæèì ñëåâà íà dk−2 îáå ÷àñòè ñîîòíîøåíèÿ (1.2); èñïîëüçóÿ

ïðåäûäóùèå ôîðìóëû, ïîëó÷àåì

ωk−2(t) =
dk−2

Tφ(t)

dk−2
Tak−2

− dk−2
Tak−1

dk−2
Tak−2

·
(
dk−1

Tφ(t)

dk−1
Tak−1

− dk−1
Tak

dk−1
Tak−1

· dk
Tφ(t)

dk
Tak

)
−

−dk−2
Tak−1

dk−2
Tak−2

· dk
Tφ(t)

dk
Tak

Çàìåòèì, ÷òî îòûñêàíèå ôóíêöèé ωj ìîæíî ïðîâîäèòü â

ïîñëåäîâàòåëüíîñòè ωk−2, ωk−1, ωk; ïðè ýòîì ïîëó÷àåòñÿ äðóãàÿ ôîðìà

ïðåäñòàâëåíèÿ ýòèõ ôóíêöèé. Óìíîæåíèå îáåèõ ÷àñòåé ñîîòíîøåíèÿ (1.2)

íà dk+1
T äàåò óïðîùåíèÿ äëÿ ωk−2:

ωk−2(t) =
dTk+1φ(t)

dTk+1ak−2
.

Äëÿ ôóíêöèé ωj ñïðàâåäëèâû ïðåäñòàâëåíèÿ

ωj(t) =
dTj φ(t)

dTj aj
ïðè t ∈ [xj, xj+1),

ωj(t) =
dj

Tφ(t)

dj
Taj

− dj
Taj+1

dj
Taj

· dj+1
Tφ(t)

dj + 1kTaj+1

ïðè t ∈ [xj+1, xj+2),

ωj(t) =
dTj+3φ(t)

dTj+3aj
ïðè t ∈ [xj+2, xj+3].

Èç áåñêîíå÷íîé ñåòêè X ìîæíî âûäåëèòü êîíå÷íóþ XN :

XN : x0 < x1 < . . . < xN−1 < xN ;
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à èç ïîëíîé áåñêîíå÷íîé öåïî÷êè A � êîíå÷íóþ öåïî÷êó âåêòîðîâ AN :

AN = {a−2, a−1, ..., aN−1}.

Ðàññìîòðèì ñòîëáåö bTs , îïðåäåëåííûé ñëåäóþùèì îòíîøåíèåì:

bTs x = det(φs, φ
′
s, x);

öåïî÷êà bTs ëîêàëüíî îðòîãîíàëüíà öåïî÷êå âåêòîðîâ aj

bTj aj ̸= 0, bTj aj−2 = bTj aj−1 = 0 ∀j ∈ Z.

Â ñëó÷àå φ(t) = (1, t, t2)T , ïîëó÷àåì:

aj = 2(xj+1 − xj+2) ·


1

xj+1+xj+2

2

xj+1xj+2

 ,

bTs aj = 2(xj+1 − xs)(xj+1 − xj+2)(xj+2 − xs),

bTs φ(t) = det(φs, φs, φ(t)) = (t− xs)
2,

ωj(t) =
(t− xj)

2

2(xj+1 − xj)(xj+1 − xj+2)(xj+2 − xj)
ïðè t ∈ [xj, xj+1),

ωj(t) =
t2(xj + xj+1 − xj+2 − xj+3) + 2t(xj+2xj+3 − xjxj+1)

2(xj+1 − xj+3)(xj+2 − xj)(xj+2 − xj+1)(xj+3 − xj+1)
+

+
xjxj+2(xj+1 − xj+3) + xj+1xj+3(xj − xj+2)

2(xj+1 − xj+3)(xj+2 − xj)(xj+2 − xj+1)(xj+3 − xj+1)
ïðè t ∈ [xj+1, xj+2),

ωj(t) =
(t− xj+3)

2

(xj+1 − xj+3)(xj+1 − xj+2)(xj+2 − xj+3)
ïðè t ∈ [xj+2, xj+3],

ωj(t) = 0 ïðè t /∈ [xj, xj+3].
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1.2. Óêðóïíåíèå ñåòêè

Äëÿ ôèêñèðîâàííîãî k ∈ Z ïîëîæèì

x̃j
def

= xj ïðè j ≤ k, è x̃j
def

= xj+1 ïðè j ≥ k + 1, (2.1)

è ðàññìîòðèì íîâóþ ñåòêó X̃k : . . . < x̃−1 < x̃0 < x̃1 < . . . . Àíàëîãè÷íî

ïðåäûäóùåìó îïðåäåëèì ôóíêöèè ω̃j äëÿ ñåòêè X̃k. Ñèñòåìà ôóíêöèé

{ω̃j}j∈Z, íåñîìíåííî çàâèñèò îò k; îäíàêî, çäåñü è â äàëüíåéøåì äëÿ

êðàòêîñòè çàâèñèìîñòü ðàññìàòðèâàåìûõ îáúåêòîâ îò k îòìå÷àåì íå âî

âñåõ ñëó÷àÿõ.

Î÷åâèäíî, ÷òî äëÿ j ∈ Z\{k − 2, k − 1, k} è t ∈ (α, β) ñïëàéíû ω̃j

ñîâïàäàþò ñ ðàññìîòðåííûìè ðàíåå ñïëàéíàìè:

ω̃j(t) ≡ ωj(t) ∀j ≤ k − 3; ω̃j(t) ≡ ωj+1(t) ∀j ≥ k + 1.

Ââåäåì âåêòîð-ñòîëáöû ω, ω̃ îïðåäåëåííûå ôîðìóëàìè

ω
def

= (. . . , ω−1, ω0, ω1, . . .)
T , ω̃

def

= (. . . , ω̃−1, ω̃0, ω̃1, . . .)
T ,

è ìàòðèöó Pk = (pij)i,j∈Z, ãäå pij íàõîäÿòñÿ èç ñîîòíîøåíèé ω̃i =
∑

j pijωj.

Òðàíñïîíèðîâàíèå Pk äàåò ìàòðèöó PT
k ,

PT
k

def
=



. . . k − 5 k − 4 k − 3 k − 2 k − 1 k k + 1 k + 2 k + 3 k + 4 . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

k − 5 . . . 1 0 0 0 0 0 0 0 0 0 . . .

k − 4 . . . 0 1 0 0 0 0 0 0 0 0 . . .

k − 3 . . . 0 0 1 0 0 0 0 0 0 0 . . .

k − 2 . . . 0 0 0 1 0 0 0 0 0 0 . . .

k − 1 . . . 0 0 0 pk−2,k−1 pk−1,k−1 0 0 0 0 0 . . .

k . . . 0 0 0 0 pk−1,k pk,k 0 0 0 0 . . .

k + 1 . . . 0 0 0 0 0 1 0 0 0 0 . . .

k + 2 . . . 0 0 0 0 0 0 1 0 0 0 . . .

k + 3 . . . 0 0 0 0 0 0 0 1 0 0 . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .



;
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åå ýëåìåíòàìè ñëóæàò ÷èñëà

pk−2,k−1
def

=
bTk+2ak−1

bTk+2ak−2
, pk−1,k−1

def

=
bTk−1ak−1

bTk−1ãk−1
,

pk−1,k
def

=
bTk+3ak

bTk+3ãk−1
, pk,k

def

=
bTk ak
bTk ak+1

. (2.2)

Â ñëó÷àå, êîãäà ϕ(t) = (1, t, t2)
T
, ïîëó÷àåì

pk−2,k−1 =
xk+1 − xk
xk − xk−1

· xk+2 − xk+1

xk+2 − xk−1
,

pk−1,k−1 =
xk+1 − xk
xk+2 − xk

· xk+3 − xk+1

xk+3 − xk
,

pk−1,k =
xk+2 − xk+1

xk+2 − xk
· xk+3 − xk+1

xk+3 − xk
,

pk,k =
xk+1 − xk
xk+3 − xk

· xk+2 − xk+1

xk+3 − xk+2
.

Êðàòêî ïðåîáðàçîâàíèå ìîæíî çàïèñàòü òàê:

ω̃(t) = Pkω(t). (2.3)

Ââåäåì (áåñêîíå÷íûå) ìàòðèöû äåêîìïîçèöèè Qk⟨σ⟩ âèäà, ãäå g̃i⟨σ⟩ -

áèîðòîãîíàëüíàÿ ñèñòåìà [6]:

Qk⟨σ⟩
def

= (qij⟨σ⟩), qij⟨σ⟩
def

= ⟨g̃i⟨σ⟩, ωj⟩, i, j ∈ Z,

è ïðÿìîóãîëüíóþ ìàòðèöó QN,k ðàçìåðîì (N + 1)× (N + 2):

QN,k
def

= (qij), qij
def

= ⟨g̃i, ωj⟩, i ∈ JN−2 j ∈ JN−1, ãäå Jk = {−2,−1, 0, ..., k}.

Ñïðàâåäëèâû ñëåäóþùèå óòâåðæäåíèÿ äëÿ êîýôôèöèåíòîâ ìàòðèöû

äåêîìïîçèöèè:
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Äëÿ ÷èñåë qij⟨σ⟩
def

= ⟨g̃i⟨σ⟩, ωj⟩ â ñëó÷àå σ = 0, âûïîëíåíû ñîîòíîøåíèÿ

qij⟨0⟩ = δi,j ïðè ∀i ∈ Z, j ≤ k − 3,

qij⟨0⟩ = δi+1,j ïðè ∀i ∈ Z, j ≥ k + 2,

qi,k−2⟨0⟩ = 0 ïðè (i ≤ k − 3) ∨ (i ≥ k + 1), qk−2,k−2⟨0⟩ = 1,

qk−1,k−2⟨0⟩ =
bTk−2ãk−1

bTk−2ak−2
−

bTk−2ak−1

bTk−2ak−2
·
bTk−1ãk−1

bTk−1ak−1
,

qk,k−2⟨0⟩ =
bTk+1ak+1

bTk+1ak−2
,

qi,k−1⟨0⟩ = 0 ïðè (i ≤ k − 2) ∨ (i ≥ k + 1),

qk−1,k−1⟨0⟩ =
bTk−1ãk−1

bTk−1ak−1
,

qk,k−1⟨0⟩ =
bTk−1ak+1

bTk−1ak−1
−

bTk−1ak

bTk−1ak−1
· b

T
k ak+1

bTk ak
,

qi,k⟨0⟩ = 0 ïðè (i ≤ k − 1) ∨ (i ≥ k + 2), qk,k⟨0⟩ =
bTk ak+1

bTk ak
,

qi,k+1⟨0⟩ = 0 ∀i ∈ Z, qk+1,k⟨0⟩ = 0.

Â ñëó÷àå σ = 1;

qij⟨1⟩ = δi,j ïðè i ≤ k − 2 ∀j ∈ Z,

qij⟨1⟩ = δi,j−1 ïðè i ≥ k ∀j ∈ Z,

qk−1,j⟨1⟩ = 0 ïðè (j ≤ k − 1) ∨ (k ≤ j),

qk−1,k−2⟨1⟩ =
bTk+1ãk−1

bTk+1ak−2
, qk−1,k−1⟨1⟩ =

bTk−1ãk−1

bTk−1ak−1
.

Â ñëó÷àå σ = 2;

qij⟨2⟩ = δi,j ïðè i ≤ k − 2 ∀j ∈ Z,
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qij⟨2⟩ = δi,j−1 ïðè i ≥ k ∀j ∈ Z,

qk−1,j⟨2⟩ = 0 ïðè (j ≤ k − 1) ∨ (k + 2 ≤ j),

qk−1,k⟨2⟩ =
bTk+3ãk−1

bTk+3ak
, qk−1,k+1⟨2⟩ =

bTk+1ãk−1

bTk+1ak+1
.

Ìàòðèöû Qk⟨σ⟩ ÿâëÿþòñÿ ëåâûìè îáðàòíûìè äëÿ ìàòðèöû PT
k , òî åñòü

Qk⟨σ⟩P
T
k = I, σ ∈ {0, 1, 2}.

Ïðîñòðàíñòâî, íàòÿíóòîå íà ëèíåéíóþ îáîëî÷êó ôóíêöèé ωj, ÿâëÿåòñÿ

ïðÿìîé ñóììîé ïðîñòðàíñòâà, íàòÿíóòîãî íà ëèíåéíóþ îáîëî÷êó ôóíêöèé

ω̃j è, òàê íàçûâàåìîãî, âýéâëåòíîãî ïðîñòðàíñòâà. Òàêèì îáðàçîì, ôóíêöèþ

u ìîæíî ðàçëîæèòü ïî áàçèñíûì ñïëàéíàì ñëåäóþùèì îáðàçîì:

u =
∑
j

cjωj,

u =
∑
j

ai⟨σ⟩ω̃i +
∑
j

bj⟨σ⟩ωj,

ãäå ÷èñëà ci, ai⟨σ⟩ è bi⟨σ⟩ � ýòî êîýôôèöèåíòû ñîîòâåòñòâóþùèõ ðàçëîæåíèé

[7].

Èç ïðåäûäóùèõ ôîðìóë èìååì
∑

j cjωj =
∑

i ai⟨σ⟩
∑

j pi,jωj +
∑

j bj⟨σ⟩ωj,

îòêóäà ââèäó ëèíåéíîé íåçàâèñèìîñòè ñèñòåìû {ωj} ïîëó÷àåì

cj =
∑
i

ai⟨σ⟩pi,j + bj⟨σ⟩. (2.4)

Ôîðìóëû (2.4) íàçûâàþòñÿ ôîðìóëàìè ðåêîíñòðóêöèè.

Ïåðåïèøåì (2.4) â âèäå cj =
∑

i⟨g̃i⟨σ⟩, u⟩pi,j + bj⟨σ⟩ è ïîäñòàâèì ñþäà

âûðàæåíèÿ äëÿ u: cj =
∑

i

∑
s csqis⟨σ⟩pi,j + bj⟨σ⟩, îòñþäà

bj⟨σ⟩ = cj −
∑
i

∑
s

csqis⟨σ⟩pi,j,
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aj⟨σ⟩ =
∑
s

cs⟨qjs⟨σ⟩, ωs⟩. (2.5)

Ôîðìóëû (2.5) íàçûâàþòñÿ ôîðìóëàìè äåêîìïîçèöèè.

Ïåðåïèøåì (2.4), (2.5) ñ ó÷åòîì òîãî, ÷òî ó íàñ êîíå÷íûé èíòåðâàë:

u =
∑

j∈JN−1

cjωj,

u =
∑

i∈JN−2

aiω̃i +
∑

j∈JN−1

bjωj,

ãäå

ai
def

= ⟨g̃i, u⟩, bj, cj ∈ R1.

Äàëåå èìååì∑
j∈JN−1

cjωj =
∑

i∈JN−2

ai
∑

j∈JN−1

pi,jωj +
∑

j∈JN−1

bjωj,

îòêóäà ââèäó ëèíåéíîé íåçàâèñèìîñòè ñèñòåìû {ωj}j∈JN−1
ïîëó÷àåì

cj =
∑

i∈JN−2

aipi,j + bj ∀j ∈ JN−1 ⇔

cj =
∑

i∈JN−2

⟨g̃i, u⟩pi,j + bj ∀j ∈ JN−1 ⇔

cj =
∑

i∈JN−2

∑
s∈JN−1

csqi,spi,j + bj ∀j ∈ JN−1,

ãäå qi,s
def

= ⟨g̃i, ωs⟩; îòñþäà

bj = cj −
∑

i∈JN−2

∑
s∈JN−1

csqi,spi,j ∀j ∈ JN−1,

ai =
∑

s∈JN−1

csqi,s ∀i ∈ JN−2.
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1.3. Êîíå÷íàÿ ñåòêà

Ïðåîáðàçóåì ìàòðèöû ðåêîíñòðóêöèè èç ðàáîòû [5] äëÿ ñëó÷àÿ êîíå÷íîé

ñåòêè. Ðàçíûì çíà÷åíèÿì σ ñîîòâåòñòâóþò ðàçíûå áèîðòîãîíàëüíûå

ñèñòåìû, ïîýòîìó ìàòðèöû äåêîìïîçèöèè èìåþò ðàçëè÷íûé âèä. Â

÷àñòíîñòè, ïðè σ = 0, ïîëó÷àåì:

ai = ci ïðè i ≤ k − 2,
ak−2

ak−1

ak

ak+1

 =


1 0 0 0 0

qk−1,k−2 qk−1,k−1 0 0 0

qk,k−2 qk,k−1 qk,k 0 0

0 0 0 0 1

 ·



ck−2

ck−1

ck

ck+1

ck+2


, (2.6)

ai = ci+1 ïðè i ≥ k + 1,

bk+1 = ck+1 − (qk,k−2 · ck−2 + qk,k−1 · ck−1 + qk,k · ck),

ãäå êîýôôèöèåíòû qi,j èìåþò ñëåäóþùèé âèä

qk−1,k−2 = −xk+2 − xk
xk − xk−1

· xk+2 − xk+1

xk+1 − xk−1
,

qk−1,k−1 =
xk+2 − xk
xk+1 − xk

· xk+2 − xk−1

xk+1 − xk−1
,

qk,k−2 =
xk+2 − xk+1

xk+1 − xk−1
· xk+3 − xk+2

xk − xk−1
· xk+3 − xk+1

xk+1 − xk
,

qk,k−1 = −xk+2 − xk−1

xk+1 − xk
· xk+3 − xk+2

xk+1 − xk−1
· xk+3 − xk+1

xk+1 − xk
,

qk,k =
xk+3 − xk+2

xk+1 − xk
· xk+3 − xk
xk+2 − xk+1

.
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Â ñëó÷àå σ = 1 ïîëó÷àåì:

ai = ci ïðè i ≤ k − 2,


ak−2

ak−1

ak

ak+1

 =


1 0 0 0 0

qk−1,k−2 qk−1,k−1 0 0 0

0 0 0 1 0

0 0 0 0 1

 ·



ck−2

ck−1

ck

ck+1

ck+2


, (2.7)

ai = ci+1 ïðè i ≥ k + 1,

bk = ck − (c<1> · ck−2 + d<1> · ck−1 + e<1> · ck+1),

c<1> = pk−1,k · qk−1,k−2, d<1> = pk−1,k · qk−1,k−1, e<1> = pk,k,

ãäå

qk−1,k−2 =
xk+2 − xk+1

xk+1 − xk−1
· xk − xk+2

xk − xk−1
,

qk−1,k−1 =
xk+2 − xk
xk+1 − xk

· xk+2 − xk−1

xk+1 − xk−1
,

à pi,j îïðåäåëÿþòñÿ ôîðìóëàìè (2.2).

Â ñëó÷àå σ = 2 íàõîäèì:

ai = ci ïðè i ≤ k − 2,


ak−2

ak−1

ak

ak+1

 =


1 0 0 0 0

0 0 qk−1,k qk−1,k+1 0

0 0 0 1 0

0 0 0 0 1

 ·



ck−2

ck−1

ck

ck+1

ck+2


(2.8)
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ai = ci+1 ïðè i ≥ k + 1,

bk−1 = ck+1 − (a<2> · ck−2 + b<2> · ck + c<2> · ck+1),

a<2> = pk−2,k−1,

b<2> = pk−1,k−2 · qk−1,k,

c<2> = pk−1,k−2 · qk−1,k+1,

ãäå êîýôôèöèåíòû qi,j âû÷èñëÿþòñÿ ïî ôîðìóëàì:

qk−1,k =
xk+3 − xk
xk+3 − xk+1

· xk+2 − xk
xk+2 − xk+1

,

qk−1,k+1 =
xk+2 − xk
xk+2 − xk+3

· xk+1 − xk
xk+3 − xk+1

,

à pi,j îïðåäåëÿþòñÿ ôîðìóëàìè (2.2).

È íàêîíåö, íàõîäèì ôîðìóëû ðåêîíñòðóêöèè:



ck−2

ck−1

ck

ck+1

ck+2


=



1 0 0 0

pk−2,k−1 pk−1,k−1 0 0

0 pk−1,k pk,k 0

0 0 0 1

0 0 0 1


·


ak−2

ak−1

ak

ak+1

+



0

bk−1

bk

bk+1

0


.

Ïðè äåêîìïîçèöèè ïðåîáðàçóþòñÿ íå òîëüêî êîýôôèöèåíòû, íî è

÷àñòü áàçèñíûõ ñïëàéíîâ. Âûïèøåì â ÿâíîì âèäå ôîðìóëû äëÿ èõ

ïðåîáðàçîâàíèÿ [4]:

ω̃k−2 = ωk−2 +
xk+1 − xk
xk − xk−1

· xk+2 − xk+1

xk+2 − xk−1
· ωk−1,
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ω̃k−1 =
xk+1 − xk
xk+2 − xk

· xk+3 − xk+1

xk+3 − xk
· ωk−1 +

xk+2 − xk+1

xk+2 − xk
· xk+3 − xk+1

xk+3 − xk
· ωk,

ω̃k =
xk+1 − xk
xk+3 − xk

· xk+2 − xk+1

xk+3 − xk+2
· ωk + ωk+1.
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2. Ïðàêòè÷åñêàÿ ðåàëèçàöèÿ

Â ýòîé ÷àñòè áóäåò ïîäðîáíî îïèñàí ïðîöåññ ñæàòèÿ èçîáðàæåíèÿ. Ïîïóòíî

áóäåò ïðåäñòàâëåíî íåñêîëüêî ñïîñîáîâ èíòåðïðåòàöèè èçîáðàæåíèÿ êàê

îäíîìåðíîãî ïîòîêà äàííûõ (õîòÿ, âîîáùå ãîâîðÿ, èçîáðàæåíèå äâóìåðíî).

2.1. Êîäèðîâàíèå ñåòêè

Íà âõîä ïðîãðàììå ïîñòóïàåò èçîáðàæåíèå â ôîðìàòå BMP � ñàìîì

ïðîñòîì ôîðìàòå áåç êàêîãî-ëèáî ñæàòèÿ. Îáîçíà÷èì çà W � øèðèíó

èçîáðàæåíèÿ, à çàH � âûñîòó. Èõ ìû çàïèñûâàåì â ëþáîì ñëó÷àå, êàæäûé

â äâà áàéòà, âíå çàâèñèìîñòè îò äàëüíåéøåãî ñæàòèÿ. Ñæàòèå êàðòèíêè

íà÷èíàåòñÿ ñ êîäèðîâêè ñåòêè. Âíà÷àëå ïðÿìîóãîëüíîå èçîáðàæåíèå

ïðåîáðàçóåòñÿ â ñïëîøíîé ïîòîê äàííûõ (ÿðêîñòåé ïèêñåëåé). Òóò

âîçìîæíû íåêîòîðûå âàðèàíòû, ò. ê. òî, êàê áóäåò ñîçäàí ïîòîê äàííûõ

äëÿ ñæàòèÿ, íåñîìíåííî, áóäåò ñèëüíî âëèÿòü íà ñàìè äàííûå è,

ñîîòâåòñòâåííî, íà èõ ñïîñîáíîñòü ê ñæèìàåìîñòè. Äëÿ ñæàòèÿ öâåò

êàæäîãî ïèêñåëÿ èçîáðàæåíèÿ ðàçáèâàåòñÿ íà êðàñíóþ, ñèíþþ è çåëåíóþ

ñîñòàâëÿþùóþ è ïîëó÷àþòñÿ òðè ïîòîêà, êàæäûé èç êîòîðûõ ñæèìàåòñÿ

îòäåëüíî. Â ïðîöåññå ðàçðàáîòêè áûëî ðàññìîòðåíî äâà âàðèàíòà

ïîëó÷åíèÿ ïîòîêà, êàæäûé èç êîòîðûõ íà÷èíàåòñÿ ñ ðàçáèòèÿ èçîáðàæåíèÿ

ïîñòðî÷íî, ò. å. îò êàæäîãî ïèêñåëÿ â ñòðîêå áåðåòñÿ îïðåäåëåííàÿ

ñîñòàâëÿþùàÿ (äëÿ ïðèìåðà, âîçüìåì êðàñíóþ) è çàïèñûâàåòñÿ â ïîòîê

ïîñëåäîâàòåëüíîãî ïèêñåëÿ. Ñòîèò îòìåòèòü, ÷òî ïîñòðî÷íàÿ ðàçâåðòêà

âûáðàíà ïî äâóì ïðè÷èíàì: âî-ïåðâûõ ýòî ñàìûé ðàñïðîñòðàíåííûé

âèä ðàçâåðòêè, à âî-âòîðûõ øèðèíà èçîáðàæåíèÿ ÷àùå áîëüøå ÷åì åãî

äëèíà, òàêèì îáðàçîì, ìû ìîæåì ñèëüíåå ïðèáëèçèòü èçîáðàæåíèå ê

ãëàäêîé ôóíêöèè. Ïîñëå ïîñòðî÷íîãî ðàçëîæåíèÿ â ïåðâîì âàðèàíòå
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ýòè ïîñòðî÷íûå ïîòîêè ñîåäèíÿëèñü ïðîñòî ïîñëåäîâàòåëüíî, ò. å.

êðàñíàÿ ñîñòàâëÿþùàÿ ïåðâîãî ïèêñåëÿ n + 1-îé ñòðîêè èäåò â ïîòîêå

íåïîñðåäñòâåííî ïîñëå êðàñíîé ñîñòàâëÿþùåé ïîñëåäíåãî ïèêñåëÿ n-íîé

ñòðîêè.

Âî âòîðîì âàðèàíòå ïîñòðî÷íûå ïîòîêè óêëàäûâàëèñü
”
çìåéêîé“, ò. å.

êðàñíàÿ ñîñòàâëÿþùàÿ ïîñëåäíåãî ïèêñåëÿ â ÷åòíîé n + 1-îé ñòðîêå èäåò

ñðàçó ïîñëå êðàñíîé ñîñòàâëÿþùåé ïîñëåäíåãî ïèêñåëÿ â íå÷åòíîé n-íîé

ñòðîêå, à êðàñíàÿ ñîñòàâëÿþùàÿ ïåðâîãî ïèêñåëÿ â íå÷åòíîé n+1-îé ñòðîêå

èäåò ñðàçó ïîñëå êðàñíîé ñîñòàâëÿþùåé ïåðâîãî ïèêñåëÿ n-íîé ñòðîêè,

òàêæå ñòîèò îòìåòèòü, ÷òî ïîòîêè ÷åòíûõ ñòðîê óëîæåíû â îáùèé ïîòîê

ðåâåðñèâíî.
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Ïðè÷èíà ðàññìîòðåíèÿ âòîðîãî âàðèàíòå â òîì, ÷òî ââèäó íåêîòîðîé

îòíîñèòåëüíîé íåïðåðûâíîñòè èçîáðàæåíèÿ â ìåñòå ñöåïëåíèÿ ïîñòðî÷íûõ

ïîòîêîâ áóäåò íàáëþäàòüñÿ íå òàêîé ñèëüíûé ðàçðûâ (à, âåðîÿòíî, åãî

ìîæåò è âîîáùå íå áûòü) êàê ïðè ïåðâîì âàðèàíòå.

Ñëåäóþùåé çàäà÷åé ñòàíîâèòñÿ êîäèðîâàíèå ñåòêè. Â çàâèñèìîñòè

îò âèäà è êîëè÷åñòâà ïèêñåëåé ñåòêà êîäèðóåòñÿ ïî-ðàçíîìó. Âíà÷àëå

àëãîðèòì ïðîõîäèò ïî ïîñëåäîâàòåëüíîñòè áàéòîâ ïîòîêà, êîäèðóþùèõ

ÿðêîñòè ïèêñåëåé èçîáðàæåíèÿ, è ïðåîáðàçóåò äàííûå ñëåäóþùèì îáðàçîì:

cîçäàåòñÿ ñïèñîê M � èçíà÷àëüíî ïóñòîé. Ïðîõîäèì ïî áàéòàì, ïðîèçâîäÿ

ñëåäóþùèå äåéñòâèÿ: åñëè ýòî ïåðâûé áàéò ïîñëåäîâàòåëüíîñòè (ïîòîêà)

èëè íå ïåðâûé, íî îòëè÷àþùèéñÿ îò ïðåäûäóùåãî, òî ìû çàïèñûâàåì

â ñïèñîê M ïàðó ÷èñåë âèäà (<çíà÷åíèå ýòîãî áàéòà>, 1), åñëè

àíàëèçèðóåìûé áàéò ñîâïàäàåò ñ ïðåäûäóùèì, òî ìû óâåëè÷èâàåì íà

åäèíèöó âòîðîé ýëåìåíò ïàðû ïîñëåäíåãî ýëåìåíòà ìàññèâà M . Âòîðîé

ýëåìåíò ïàðû, êàê íåòðóäíî çàìåòèòü, ïðåäñòàâëÿåò èç ñåáÿ ñ÷åò÷èê áàéòîâ

èäóùèõ äðóã çà äðóãîì.

Åñòü íåñêîëüêî âèäîâ êîäèðîâàíèÿ ñåòêè:
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1. Êàæäîìó áàéòó èñõîäíîé ñåòêè ìû ñîïîñòàâëÿåì îäèí áèò ðàâíûé

åäèíèöå, åñëè ýòîò áàéò îòëè÷àåòñÿ îò ïðåäûäóùåãî èëè ñòîèò ïåðâûì,

è áèò ðàâíûé íóëþ èíà÷å. À äàëåå çàïèñûâàåì òîëüêî òå áàéòû,

êîòîðûì ñîîòâåòñòâóåò åäèíèöà. Òàêèì îáðàçîì îáùåå ÷èñëî áàéò

çàêîäèðîâàííîé ñåòêè áóäåò â äàííîì ñëó÷àå ðàâíî |M |+W ·H/8.

2. Ìîæíî ïðîñòî çàêîäèðîâàòü ïàðû èìåþùèåñÿ ó íàñ â ñïèñêå M .

Ðàçìåð äàííûõ áóäåò ðàâåí |M | · (1+ l), ãäå l � ÷èñëî áàéò, îòâåäåííîå

íà êîäèðîâàíèå ñ÷åò÷èêà áàéòîâ èäóùèõ ïîäðÿä � ÷èñëî îò 1 äî 4 (òàê

êàê ðàçóìíî ïðåäïîëàãàòü, ÷òî â èçîáðàæåíèè íå áîëåå 232 ïèêñåëåé).

Ñðàâíèâàÿ êîëè÷åñòâî áàéò, ìû âûáèðàåì ñïîñîá ïðåäîñòàâëÿþùèé

íàì íàèëó÷øåå ñæàòèå. Åñëè íè îäèí èç âûøåïåðå÷èñëåííûõ ñïîñîáîâ

íå äàåò ðåçóëüòàò, ìåíüøèé ðàçìåðà ñèãíàëà èñõîäíîãî èçîáðàæåíèÿ, òî

çàïèñûâàåì ïðîñòî ñàì ïîòîê. Â èòîãîâîé êîäèðîâêå íóæíî áóäåò âûäåëèòü

óïðàâëÿþùèé áàéò, â êîòîðûé ìû çàïèøåì âûáðàííûé âèä êîäèðîâêè

(íàïðèìåð â ïåðâûå òðè áèòà: 0 � ñæàòèÿ íåò (ïðîñòî ïîòîê), 1 � ñæàòèå

ïåðâîãî òèïà, 1 + l � ñæàòèå âòîðîãî òèïà ñ îïðåäåëåííûì l).

2.2. Âýéâëåòíîå ñæàòèå

Êîãäà ñåòêà çàêîäèðîâàíà, ïðèñòóïàåì êî âòîðîìó ýòàïó �

ìíîæåñòâåííîìó óäàëåíèþ óçëîâ, êîòîðûå ìîæíî âîññòàíîâèòü ñ ïîìîùüþ

ñïëàéíîâîé àïïðîêñèìàöèè ñ ñîîòâåòñòâóþùèìè êîýôôèöèåíòàìè.

Âûçâàíà äàííûé âîçìîæíîñòü òåì, ÷òî êîíñòàíòà, ëèíåéíàÿ ôóíêöèÿ

(îòðåçîê ïðÿìîé) èëè êâàäðàòè÷íàÿ (÷àñòü ïàðàáîëû) àïïðîêñèìèðóþòñÿ

ðàññìîòðåííûìè íàìè â òåîðåòè÷åñêîé ÷àñòè ôóíêöèÿìè íàñòîëüêî

õîðîøî (èç-çà òîãî, ÷òî îíè ñîñòîÿò èç ôðàãìåíòîâ êðèâûõ âòîðîãî
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ïîðÿäêà), ÷òî íåêîòîðûå ïðîìåæóòî÷íûå óçëû ìîæíî âûáðîñèòü è,

ñîîòâåòñòâåííî, çàìåíèòü ñïëàéíû, çàâèñÿùèå îò âûêèíóòûõ óçëîâ.

Ïîñëåäîâàòåëüíî ïðîõîäÿ ïî çàêîäèðîâàííîìó â ïåðâîé ÷àñòè ïîòîêó,

ìû ïðîâåðÿåì, ìîæíî ëè âûáðîñèòü äàííûé óçåë òàê, ÷òîáû êàðòèíêó

ìîæíî âñå åùå áûëî âîññòàíîâèòü áåç ïîòåðü. Åñëè ýòî âîçìîæíî �

ìû óäàëÿåì äàííûé óçåë, åñëè æå íåò � îñòàâëÿåì. Çäåñü ìû ìîæåì

àíàëîãè÷íî êîäèðîâàíèþ ñåòêè ïî-ðàçíîìó çàêîäèðîâàòü âûêèíóòûå

óçëû, â çàâèñèìîñòè îò òîãî, êàêèì îáðàçîì ñæàòèå áóäåò ñóùåñòâåííåé.

Ïðè ïëîõîì ñòðîåíèè èçîáðàæåíèÿ (ìíîãî ðàçðûâîâ, íåãëàäêèé âèä)

äàííûé ýòàï ìîæåò îñòàâèòü çàêîäèðîâàííûå óçëû áåç èçìåíåíèé.

Ïîñëå âýéâëåòíîé àïïðîêñèìàöèè ìîæíî ïðèñòóïàòü ê 3-åìó ýòàïó �

ñæàòèþ ñ ïîìîùüþ âýéâëåòíîãî ïðåîáðàçîâàíèÿ. Ïåðâîå, ÷òî ìû äåëàåì

� äîáàâëÿåì ê ñåòêå äâå òî÷êè âíà÷àëå è äâå òî÷êè â êîíöå � ýòî

ïîçâîëèò íàì íå ïîòåðÿòü ïåðâóþ è ïîñëåäíþþ èñõîäíûå òî÷êè è ñâÿçàíî

ñ ôîðìóëàìè äëÿ êîýôôèöèåíòîâ ñïëàéí-âýéâëåòíîãî ðàçëîæåíèÿ [4].

Äàëåå ìû ïîñëåäîâàòåëüíî èäåì ïî ñåòêå è ìîæåì ïðèìåíèòü îäíî èç

ïðåîáðàçîâàíèé äåêîìïîçèöèè, îïèñàííûõ â òåîðåòè÷åñêîé ÷àñòè: (1.7),

(1.8) èëè (1.9).

Çäåñü ñòîèò îáðàòèòü îñîáîå âíèìàíèå íà òî, ÷òî, âîîáùå ãîâîðÿ, äàííûå

ïðåîáðàçîâàíèÿ îïåðèðóþò ñ âåùåñòâåííûìè ÷èñëàìè, êîòîðûå èìåþò

äâà ñåðüåçíûõ íåäîñòàòêà ïðè ðàáîòå ñ âû÷èñëèòåëüíîé òåõíèêîé: îíè

çàíèìàþò ãîðàçäî áîëüøå ìåñòà, íåæåëè öåëûå, è îíè èìåþò îãðàíè÷åííóþ

òî÷íîñòü, òî åñòü ïðè îïåðàöèÿõ ñ íèìè íàêàïëèâàåòñÿ îøèáêà. Íî ÿðêîñòè

öâåòîâ ïèêñåëåé õðàíÿòñÿ â öåëûõ ÷èñëàõ, ïîýòîìó ïîòåíöèàëüíî ìû

ìîæåì îòêàçàòüñÿ îò âåùåñòâåííûõ ÷èñåë. Ïðîáëåìîé çäåñü ÿâëÿåòñÿ

òî, ÷òî ïîñëå ïðåîáðàçîâàíèé äåêîìïîçèöèè ìû ïîëó÷èì âåùåñòâåííûå
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÷èñëà, è ýòîò ôàêò ëèøèò íàñ âûãîäû îò íàëè÷èÿ ëèøü öåëûõ ÷èñåë

â ÿðêîñòÿõ ïèêñåëåé. Ïîýòîìó áûëî ðåøåíî ïåðåïèñàòü âû÷èñëåíèÿ â

ôîðìóëàõ (2.6), (2.7) èëè (2.8) â öåëûõ ÷èñëàõ â ïîëå âû÷åòîâ ïî ìîäóëþ

ïðîñòîãî ÷èñëà. Îãðîìíûì âåçåíèåì ñòàëî òî, ÷òî ñóùåñòâóåò ïðîñòîå

÷èñëî 257, ýëåìåíòàìè ïîëÿ âû÷åòîâ ïî ìîäóëþ êîòîðîãî ÿâëÿþòñÿ öåëûå

÷èñëà îò 0 äî 256 âêëþ÷èòåëüíî. Òî åñòü, ëèøü îäíî ÷èñëî 256 íå ìîæåò

áûòü ïîìåùåíî â îäèí áàéò èíôîðìàöèè. Ýòî âñå æå ìîãëî áû ÿâëÿòüñÿ

çíà÷èòåëüíûì ïðåïÿòñòâèåì, íî, êàê âûÿñíèëîñü, äàííîå ÷èñëî ñîâñåì

íå÷àñòî ïîÿâëÿåòñÿ ñðåäè ðåçóëüòàòîâ ïðåîáðàçîâàíèé (ìàññèâå a), à òå

ñëó÷àè, â êîòîðûõ îíî âñòðå÷àåòñÿ ìû ìîæåì íå èñïîëüçîâàòü. Òàêèì

îáðàçîì, ìû ïîëó÷àåì ïîëå, ïî ñóòè îïåðèðóþùåå ñ áàéòàìè.

Ïðåîáðàçîâàíèÿ (2.6), (2.7) è (2.8) äàâàëè ðàçëè÷íûå ðåçóëüòàòû ïî b,

íî â öåëîì îòëè÷èå áûëî ïî÷òè íåñóùåñòâåííûì è ïðåîáëàäàþùåãî ïî

êîëè÷åñòâó îäèíàêîâûõ b íå áûëî. Ïîýòîìó èç òðåõ âèäîâ ïðåîáðàçîâàíèé

äåêîìïîçèöèè áûëî âûáðàíî ïðåîáðàçîâàíèå (2.4) ñ σ = 0. Âíèìàíèå ê

ïðåîáëàäàíèþ êîëè÷åñòâà b çäåñü óäåëÿåòñÿ íå ïðîñòî òàê. Äåëî â òîì,

÷òî èìåííî çà ñ÷åò b (âýéâëåòíîãî ïîòîêà) ìû è ïîëó÷àåì ñæàòèå, ò. ê.

ïðîñòî îòáðàñûâàåì åãî è íå õðàíèì, ò. å. ïðè êàæäîì ïðåîáðàçîâàíèè

îò ïÿòè êîýôôèöèåíòîâ c ó íàñ îñòàåòñÿ ÷åòûðå êîýôôèöèåíòà a (è

êîýôôèöèåíò b). Â ïðîöåññå ðàçðàáîòêè àëãîðèòìà âîçíèê âîïðîñ, êàêèå

êîíêðåòíî b ìû áóäåò îòáðàñûâàòü. Ïîñëå ïðîâåäåííûõ ìíîãî÷èñëåííûõ

ýêñïåðèìåíòîâ áûë ïîñòðîåí ãðàôèê õàðàêòåðíûé äëÿ ïîäàâëÿþùåãî

áîëüøèíñòâà èçîáðàæåíèé.
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Íà äàííîì ãðàôèêå ïî âåðòèêàëè îòëîæåíà âåðîÿòíîñòü ïîëó÷èòü òîò

èëè èíîé ðåçóëüòàò b. Õîðîøî âèäíî, ÷òî ÷àùå âñåãî ñðåäè b ïîÿâëÿåòñÿ

÷èñëî 0, ïîýòîìó ëîãè÷íî, ÷òî îòáðàñûâàòü ñòîèò èìåííî òå êîýôôèöèåíòû,

ó êîòîðûõ ðåçóëüòàò b ïîñëå ïðåîáðàçîâàíèÿ äåêîìïîçèöèè ðàâåí íóëþ

(ñòîèò íå çàáûâàòü, ÷òî íåëüçÿ èñïîëüçîâàòü òå, ó êîòîðûõ îäèí èç

êîýôôèöèåíòîâ a ðàâåí 256).

Â èòîãå ìû ïðîõîäèì ïî íàøèì êîýôôèöèåíòàì è åñëè êàêîé-òî èç íèõ

ïîïàäàåò ïîä óñëîâèå b = 0 è ai ̸= 256, òî ìû ïðèìåíÿåì äåêîìïîçèöèþ,

òàêèì îáðàçîì óìåíüøàÿ ÷èñëî õðàíèìûõ êîýôôèöèåíòîâ. Òóò òàêæå

ñòîèò çàìåòèòü, ÷òî åñëè òàêèõ êîýôôèöèåíòîâ ìàëî ïî ñðàâíåíèþ ñ îáùèì

èõ ÷èñëîì, òî ñæàòèå ìîæåò íå óäàñòüñÿ. Ïðè òðèâèàëüíîì êîäèðîâàíèè

èõ ìåñòîíàõîæäåíèÿ íóæíî êàê ìèíèìóì, ÷òîáû 1/8 êîýôôèöèåíòîâ áûëà

ðàâíà íóëþ.

Â ðåçóëüòàòå ó íàñ åñòü òðè ýòàïà ñæàòèÿ, êàæäûé èç êîòîðûõ â

òîé èëè èíîé ñòåïåíè, â çàâèñèìîñòè îò âèäà èçîáðàæåíèÿ ñæèìàåò

ïîòîê. Ñîâåðøåííî íå îáÿçàòåëüíî, ÷òî âñå ýòàïû áóäóò ïðèìåíåíû.

Èíôîðìàöèÿ î òîì, ïðîèçîøëî ëè ñæàòèå èëè íåò, ïèøåòñÿ â óïðàâëÿþùèé

áàéò (çàïèñàííûé ñðàçó ïîñëå èíôîðìàöèè î ðàçìåðå èçîáðàæåíèÿ)
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ïóòåì âçâåäåíèÿ èëè îáíóëåíèÿ îïðåäåëåííîãî áèòà. Äàííûé ïðîöåññ

íóæíî ïîâòîðèòü äëÿ ïîòîêà êàæäîãî öâåòà è çàïèñàòü ðåçóëüòèðóþùóþ

èíôîðìàöèþ ïî ñæàòèþ ïîñëåäîâàòåëüíî â ôàéë ïîñëå èíôîðìàöèè î

ðàçìåðå è òðåõ óïðàâëÿþùèõ áàéòîâ ïî êàæäîìó öâåòó.

Îá îáðàòíîì ïðåîáðàçîâàíèè èçîáðàæåíèÿ (ðàñïàêîâêå) áóäåò

ñêàçàíî ìåíüøå, ò. ê. ýòîò ïðîöåññ ïðåäñòàâëÿåò ñîáîé î÷åâèäíóþ

ïîñëåäîâàòåëüíîñòü äåéñòâèé îáðàòíûõ ê äåéñòâèÿì ïðè ñæàòèè. Îïèøåì

÷óòü ïîäðîáíåå.

Ìû ñ÷èòûâàåì ðàçìåð èçîáðàæåíèÿ, àíàëèçèðóåì óïðàâëÿþùèé áàéò

è ñìîòðèì, áûë ëè îñóùåñòâëåí ýòàï âýéâëåòíîé äåêîìïîçèöèè. Åñëè äà,

òî ïðèìåíÿåì ðåêîíñòðóêöèþ ïîñëåäîâàòåëüíî, íà÷èíàÿ îò ïîñëåäíåãî

óäàëåííîãî óçëà, ïîäñòàâëÿÿ â êà÷åñòâå b íîëü. Äàëåå, åñëè áûë

ïðîèçâåäåí âòîðîé ýòàï, ìû äîáàâëÿåì óäàëåííûå óçëû, èñõîäÿ èç

àïïðîêñèìàöèè, íà îñíîâå èìåþùèõñÿ çàïèñÿõ îá óäàëåííûõ óçëàõ è

èìåþùèõñÿ êîýôôèöèåíòàõ. È, íàêîíåö, åñëè èìåë ìåñòî ïåðâûé ýòàï,

ìû âîññòàíàâëèâàåì ïîëíîñòüþ èñõîäíûõ ïîòîê, à äàëåå äåëèì åãî òàêèì

îáðàçîì, ÷òîáû ïîëó÷èëîñü èñõîäíîå èçîáðàæåíèå (çíàÿ âûñîòó è øèðèíó

èçîáðàæåíèÿ, ýòî äåëàåòñÿ òðèâèàëüíî).

2.3. Ïðîãðàììíàÿ ðåàëèçàöèÿ

Ïðåäëîæåííûé â ïðåäûäóùåé ÷àñòè àëãîðèòì áûë ðåàëèçîâàí â

âèäå ïðîãðàììíîãî îáåñïå÷åíèÿ, íàïèñàííîãî ïîä îïåðàöèîííûå

ñèñòåìû ñåìåéñòâà Windows (íà äàííûé ìîìåíò ñóùåñòâóåò âåðñèÿ,

ñêîìïèëèðîâàííàÿ ïîä Windows XP è âûøå, íî íè÷òî íå ìåøàåò ñ

ìèíèìàëüíûìè èçìåíåíèÿìè ïîëó÷èòü âåðñèè, íàïðèìåð, äëÿ áîëåå

ñòàðûõ ñèñòåì) íà ÿçûêå C++. Ïðîãðàììà ìîæåò îòêðûâàòü èçîáðàæåíèÿ
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â ôîðìàòå BMP, ñîõðàíÿòü èõ â íîâûé ïðåäëîæåííûé ôîðìàò WFF (â

ñæàòîì âèäå), à òàêæå ïîçâîëÿåò ïðîñìàòðèâàòü ôàéëû ôîðìàòà WFF.

Ñòðóêòóðíî ïðîãðàììà ðàáîòàåò ñëåäóþùèì îáðàçîì. Ñ ïîìîùüþ

áàçîâûõ ôóíêöèé èíòåðôåéñîâ ïðîãðàììèðîâàíèÿ ïðèëîæåíèé

îïåðàöèîííûõ ñèñòåì ñåìåéñòâà Windows (WinAPI) ïðèëîæåíèå ïîëó÷àåò

õýíäë (handle) BMP èçîáðàæåíèÿ, àíàëîãè÷íî èç õýíäëà èçîáðàæåíèÿ

ïîëó÷àåòñÿ èíôîðìàöèÿ î ðàçìåðå èçîáðàæåíèÿ, à òàê æå ïîòîê

äàííûõ, õàðàêòåðèçóþùèé öâåò åãî ïèêñåëåé. Äàëåå äàííûå î öâåòå

ðàñêëàäûâàþòñÿ â 3 ìàññèâà (äëÿ êàæäîãî èç îñíîâíûõ öâåòîâ) òèïà

unsigned char.

Ïåðâûì ýòàïîì êàæäûé èç ýòèõ ìàññèâîâ ïðåâðàùàåòñÿ â ñïèñîê

ñòðóêòóð, îïèñàííûé â ãëàâå �Êîäèðîâàíèå ñåòêè�. Ñòðóêòóðà èìååò

ïðèìåðíî ñëåäóþùèé âèä:

struct

{

long num;

unsigned char val;

}

Ïîñëå ÷åãî äàííûé ñïèñîê àíàëèçèðóåòñÿ è âûáèðàåòñÿ îïòèìàëüíûé

ñïîñîá êîäèðîâàíèÿ èíôîðìàöèè î ñåòêå. Âòîðûì ýòàïîì èç ýòîãî ñïèñêà

ñîñòàâëÿåòñÿ ìàññèâ èç ïåðåìåííûõ val. Ýòîò ìàññèâ ïîñòóïàåò íà

âõîä ïðîöåäóðå, êîòîðàÿ ðåàëèçóåò âýéâëåòíóþ àïïðîêñèìàöèþ è âûäàåò

èíôîðìàöèþ î âîçìîæíîì ñæàòèè íà îñíîâå àïïðîêñèìàöèè. Ïðîöåäóðà

ìîæåò èìåòü ñëåäóþùèé âèä:
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void Approximation( unsigned char* inArr, long inArrSize,

unsigned char* outArr, long* outArrSize, long* outArrNums );

Çäåñü inArr � âõîäíîé ìàññèâ áàéòîâ;

inArrSize � ðàçìåð âõîäíîãî ìàññèâà;

outArr � âûõîäíîé ìàññèâ áàéòîâ;

outArrSize � ðàçìåð âûõîäíîãî ìàññèâà;

outArrNums � íîìåðà ýëåìåíòîâ âûõîäíîãî ìàññèâà âî âõîäíîì (÷àñòü

óäàëÿåòñÿ, à ÷àñòü îñòàåòñÿ, íóæíî çíàòü íà êàêèõ ïîçèöèÿõ íàõîäèëèñü

îñòàâøèåñÿ).

Ïîëó÷åííàÿ èíôîðìàöèÿ àíàëèçèðóåòñÿ àíàëîãè÷íî ïåðâîìó ýòàïó.

Òðåòüèì ýòàïîì èäåò óæå ñàìî âýéâëåòíîå êîäèðîâàíèå îñòàâøåãîñÿ

ìàññèâà (outArr). Ïðîöåäóðà, ðåàëèçóþùàÿ åãî, èìååò ñèíòàêñèñ ñõîæèé

ñ ïðîöåäóðîé Approximation. Íà ýòîì ñæàòèå öâåòîâ çàêàí÷èâàåòñÿ.

Çàâåðøåíèåì ðàáîòû ÿâëÿåòñÿ çàïèñü â ôàéë. Âíà÷àëå â ôàéë

çàïèñûâàåòñÿ øèðèíà èçîáðàæåíèÿ (2 áàéòà), çàòåì âûñîòà (òàêæå 2

áàéòà). Äàëåå ïîñëåäîâàòåëüíî çàïèñûâàåòñÿ èíôîðìàöèÿ î êàæäîì öâåòå.

Âíà÷àëå ïèøåòñÿ óïðàâëÿþùèé áàéò, ãäå ïåðâûå òðè áèòà îòâå÷àþò çà

ìåòîä ñæàòèÿ íà ïåðâîì ýòàïå, âòîðûå òðè áèòà çà ìåòîä ñæàòèÿ íà

âòîðîì ýòàïå è ñåäüìîé áèò ïîêàçûâàåò áûëî ëè ñæàòèå íà òðåòüåì ýòàïå.

Îò êàæäîãî ýòàïà êîäèðóåòñÿ ëèøü âñïîìîãàòåëüíàÿ èíôîðìàöèÿ � â

îñíîâíîì ýòî èíòåðïðåòàöèÿ òîãî, ÷òî ìû ïîëó÷àåì â outArrNums (òî

åñòü òî, êàê ðàñïîëîæåíû óáèðàåìûå áàéòû) è ëèøü â êîíöå çàïèñûâàåòñÿ

ôèíàëüíûé ìàññèâ òèïà unsigned char (áàéòû), êîòîðûé ïðåäñòàâëÿåò ñîáîé

ñæàòóþ èíôîðìàöèþ î ÿðêîñòÿõ öâåòîâ.
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2.4. Ïðèìåðû êîäà

Â ýòîì ðàçäåëå ïðåäñòàâëåíû íåêîòîðûå âûäåðæêè èç êîäà ïðîãðàììû.

Ñëåäóþùèé êîä îòíîñèòñÿ ê ñïëàéíàì è èõ ïðåîáðàçîâàíèÿì.

double omega( double x1, double x2, double x3, double x4, double x )

{

if( x < x3 )

{

if( x < x2 )

{

if( x < x1 )

return 0;

else

return ( x - x1 )*( x - x1 )/(( x2 - x1 )*( x3 - x1 ));

}

else

{

return ( ( x1 + x2 - x3 - x4 )*x*x - 2*x*(x1*x2 - x4*x3)

+ x1*x2*x4 - x1*x3*x4 + x1*x2*x3 - x2*x3*x4 )/

((x3-x1)*(x3-x2)*(x4-x2));

}

}

else

{

if( x < x4 )

return ( x - x4 )*( x - x4 )/(( x4 - x3 )*( x4 - x2 ));
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else

return 0;

}

}

class BaseFunction

{

public:

BaseFunction( int k = 0 )

{

_coeffs.push_back( 1 );

_first = k;

}

BaseFunction( const BaseFunction& bf )

{

*this = bf;

}

BaseFunction operator*( double c )

{

BaseFunction bfo;

bfo._coeffs.assign( _coeffs.begin(), _coeffs.end() );

for( unsigned i = 0; i < bfo._coeffs.size(); ++i )

bfo._coeffs[i] *= c;

bfo._first = _first;

return bfo;

}
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BaseFunction operator+( BaseFunction bf )

{

BaseFunction bfo;

bfo._first = min( _first, bf._first );

bfo._coeffs.resize( max( bf._first+bf._coeffs.size(),

_first+_coeffs.size() )-bfo._first, 0 );

for( unsigned i = 0; i < _coeffs.size(); ++i )

bfo._coeffs[i + _first - bfo._first] = _coeffs[i];

for( unsigned i = 0; i < bf._coeffs.size(); ++i )

bfo._coeffs[i + bf._first - bfo._first] += bf._coeffs[i];

return bfo;

}

void operator=( const BaseFunction& bf )

{

_first = bf._first;

_coeffs.assign( bf._coeffs.begin(), bf._coeffs.end() );

}

void Incr()

{

_first++;

}

public:

int _first;

std::vector< double > _coeffs;

};
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void ConvertSpline( BaseFunction& w0, BaseFunction& w1,

BaseFunction& w2, BaseFunction w_1, double* x)

{

double ak = (x[2]-x[1])*(x[3]-x[2])/((x[1]-x[0])*(x[3]-x[0]));

double bk = (x[2]-x[1])*(x[2]-x[0])/((x[3]-x[1])*(x[3]-x[0]));

double ck = (x[3]-x[2])*(x[4]-x[2])/((x[3]-x[1])*(x[4]-x[1]));

double dk = (x[2]-x[1])*(x[3]-x[2])/((x[4]-x[1])*(x[4]-x[3]));

w2 = w2 + w1 * ak;

w1 = w1 * bk + w0 * ck;

w0 = w0 * dk + w_1;

}

Äàëåå ñëåäóåò êîä, îòâå÷àþùèé çà äåêîìïîçèöèþ è ðåêîíñòðóêöèþ.

class ArrayDecomposition

{

public:

ArrayDecomposition( double* xs, double* cn, int _n ):c(NULL),x(NULL)

{

n = _n;

c = new double[n];

x = new double[n];

memcpy( c, cn, sizeof(double)*n );

memcpy( x, xs, sizeof(double)*n );

}

void Decompose0( double* a, double* b, int k )
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{

double q1 = -(x[k+2]-x[k])/(x[k]-x[k-1])*

(x[k+2]-x[k+1])/(x[k+1]-x[k-1]);

double q2 = (x[k+2]-x[k])/(x[k+1]-x[k])*

(x[k+2]-x[k-1])/(x[k+1]-x[k-1]);

double q3 = (x[k+2]-x[k+1])/(x[k+1]-x[k-1])*

(x[k+3]-x[k+2])/(x[k]-x[k-1])*(x[k+3]-x[k+1])/(x[k+1]-x[k]);

double q4 = -(x[k+2]-x[k-1])/(x[k+1]-x[k])*

(x[k+3]-x[k+2])/(x[k+1]-x[k-1])*(x[k+3]-x[k+1])/(x[k+1]-x[k]);

double q5 = (x[k+3]-x[k+2])/(x[k+1]-x[k])*

(x[k+3]-x[k])/(x[k+2]-x[k+1]);

for( int i = 0; i < k-1; ++i )

a[i] = c[i];

a[k-1] = q1*c[k-2] + q2*c[k-1];

a[k] = q3*c[k-2] + q4*c[k-1] + q5*c[k];

for( int i = k+1; i < n-1; ++i )

a[i] = c[i+1];

*b = c[k+1] - q3*c[k-2] - q4*c[k-1] - q5*c[k];

}

void Decompose1( double* a, double* b, int k )

{

double q1 = (x[k+2]-x[k+1])/(x[k+1]-x[k-1])*

(x[k]-x[k+2])/(x[k]-x[k-1]);

double q2 = (x[k+2]-x[k])/(x[k+1]-x[k])*

(x[k+2]-x[k-1])/(x[k+1]-x[k-1]);

for( int i = 0; i < k-1; ++i )
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a[i] = c[i];

a[k-1] = q1*c[k-2] + q2*c[k-1];

for( int i = k; i < n-1; ++i )

a[i] = c[i+1];

double p1 = (x[k+2]-x[k+1])/(x[k+2]-x[k])*

(x[k+3]-x[k+1])/(x[k+3]-x[k]);

double p2 = (x[k+1]-x[k])/(x[k+3]-x[k])*

(x[k+2]-x[k+1])/(x[k+3]-x[k+2]);

*b = c[k] - p1*q1*c[k-2] - p1*q2*c[k-1] - p2*c[k+1];

}

void Decompose2( double* a, double* b, int k )

{

//if( k < 2 )

double q1 = (x[k+3]-x[k])/(x[k+3]-x[k+1])*

(x[k+2]-x[k])/(x[k+2]-x[k+1]);

double q2 = (x[k+2]-x[k])/(x[k+2]-x[k+3])*

(x[k+1]-x[k])/(x[k+3]-x[k+1]);

for( int i = 0; i < k-1; ++i )

a[i] = c[i];

a[k-1] = q1*c[k] + q2*c[k+1];

for( int i = k; i < n-1; ++i )

a[i] = c[i+1];

double p1 = (x[k+1]-x[k])/(x[k]-x[k-1])*

(x[k+2]-x[k+1])/(x[k+2]-x[k-1]);

double p2 = (x[k+1]-x[k])/(x[k+2]-x[k])*

(x[k+3]-x[k+1])/(x[k+3]-x[k]);
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*b = c[k-1] - p1*c[k-2] - p2*q1*c[k] - p2*q2*c[k+1];

}

~ArrayDecomposition()

{

if( c )

delete[] c;

if( x )

delete[] x;

}

private:

double* c;

double* x;

int n;

};

// (mod 257)

void IntDecomp0( unsigned char* c, long* a, long* b )

{

a[0] = c[0];

a[1] = (c[0]*256+c[1]*3)%257;

a[2] = (c[0]+254*c[1]+3*c[2])%257;

b[0] = (c[3]+256*c[0]+3*c[1]+254*c[2])%257;

}

class ArrayReconstruction
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{

public:

ArrayReconstruction( double* xs, double* an, double* bn, int _n )

{

n = _n;

a = new double[n-1];

memcpy( a, an, sizeof(double)*(n-1) );

x = new double[n];

memcpy( x, xs, sizeof(double)*n );

b = *bn;

}

~ArrayReconstruction()

{

if( a )

delete[] a;

}

void Reconstruct( double* c, int k, int sigma )

{

double p1 = (x[k+1]-x[k])/(x[k]-x[k-1])*

(x[k+2]-x[k+1])/(x[k+2]-x[k-1]);

double p2 = (x[k+1]-x[k])/(x[k+2]-x[k])*

(x[k+3]-x[k+1])/(x[k+3]-x[k]);

double p3 = (x[k+2]-x[k+1])/(x[k+2]-x[k])*

(x[k+3]-x[k+1])/(x[k+3]-x[k]);

double p4 = (x[k+1]-x[k])/(x[k+3]-x[k])*

(x[k+2]-x[k+1])/(x[k+3]-x[k+2]);
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for( int i = 0; i < k-1; ++i )

c[i] = a[i];

c[k-1] = a[k-2]*p1 + a[k-1]*p2;

c[k] = a[k-1]*p3 + a[k]*p4;

for( int i = k+1; i < n; ++i )

c[i] = a[i-1];

c[k+1-sigma] += b;

}

private:

double* a;

double b;

double* x;

int n;

};

// (mod 257)

void IntReconstr0( long* a, long* b, unsigned char* c )

{

c[0] = (unsigned char)a[0];

c[1] = (unsigned char)((86*a[0]+86*a[1])%257);

c[2] = (unsigned char)((86*a[1]+86*a[2])%257);

c[3] = (unsigned char)((a[2]+*b)%257);

}

È, íàêîíåö, êîä, ñæèìàþùèé è ðåêîíñòðóèðóþùèé ïîòîêè ãðàôè÷åñêîé

èíôîðìàöèè.
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void Compress1Color( unsigned char* buff, long* sz, unsigned char* mode )

{

long size1 = size / 8 + (size%8 > 0) + cntr+1;

long bts;

for( bts = 1; max > 1 << bts*8; bts++ );

long size2 = (bts+1)*(cntr+1);

unsigned char* fase2;

long ssize = 0;

if( size < size1 && size < size2 )

{

long tcntr = 0;

*mode = 0;

*sz = size;

for( int i = 0; i < cntr+1; ++i )

{

for( int j = 0; j < comp[i].num; ++j )

{

buff[tcntr++] = comp[i].c;

}

}

fase2 = buff;

ssize = size;

}

else

{
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if( size1 < size2 )

{

long tcntr = 0;

*mode = 1;

*sz = size1;

for( int i = 0; i < cntr+1; ++i )

{

SetNBit( buff, tcntr );

tcntr += comp[i].num;

buff[ size1 - cntr - 1 + i ] = comp[i].c;

}

fase2 = &buff[ size1 - cntr - 1 ];

ssize = cntr+1;

}

else

{

*mode = (unsigned char)(1 + bts);

*sz = size2;

long* crt = (long*)buff;

for( int i = 0; i < cntr+1; ++i )

{

crt = (long*)&buff[ i*bts ];

*crt = comp[i].num;

}

for( int i = 0; i < cntr+1; ++i )

{
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buff[ size2 - cntr - 1 + i ] = comp[i].c;

}

fase2 = &buff[ size2 - cntr - 1 ];

ssize = cntr+1;

}

}

unsigned char* buff2 = new unsigned char[ ssize ];

long* nums2 = new long[ ssize ];

long cntr2 = 1;

long max2 = 1;

buff2[0] = fase2[0]; nums2[0] = 1;

buff2[1] = fase2[1]; nums2[1] = 1;

long diff = buff2[1] - buff2[0];

for( unsigned j = 2; j < ssize; ++j )

{

if( fase2[j] == buff2[cntr2] + diff )

{

buff2[cntr2] = fase2[j];

nums2[cntr2-1]++;

if( nums2[cntr2-1] > max2 )

max2 = nums2[cntr2-1];

}

else

{

diff = fase2[j] - buff2[cntr2];
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cntr2++;

buff2[cntr2] = fase2[j];

nums2[cntr2] = 1;

}

}

cntr2++;

long ssize1 = ssize / 8 + (ssize%8 > 0) + cntr2;

long bts2;

for( bts2 = 1; max2 > ( 1 << bts2*8 ); bts2++ );

long ssize2 = (bts2+1)*cntr2;

if( ssize < ssize1 && ssize < ssize2 )

{

return; // íè÷åãî íå äåëàåì åñëè íå ìåíüøå

}

else

{

if( ssize1 < ssize2)

{

long tcntr = 0;

*mode |= 0x08;

*sz = *sz - ssize + ssize1;

ZeroMemory( fase2, cntr2 );

for( int i = 0; i < cntr2; ++i )

{

SetNBit( fase2, tcntr );
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tcntr += nums2[i];

fase2[ ssize1 - cntr2 + i ] = buff2[i];

}

}

else

{

*mode |= (unsigned char)((1 + bts)<<3);

*sz = *sz - ssize + ssize2;

long* crt = (long*)fase2;

for( int i = 0; i < cntr2; ++i )

{

crt = (long*)&fase2[ i*bts2 ];

*crt = nums2[i];

}

for( int i = 0; i < cntr2; ++i )

{

fase2[ ssize2 - cntr2 + i ] = buff2[i];

}

}

}

delete[] nums2;

delete[] buff2;

}

bool Decompress1Color( FILE* f, unsigned char* colbuff, long fs,

long bonus, long w )
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{

unsigned char mask = 0;

long rs; //real size ( rs <= fs )

fread( &mask, 1, 1, f );

bool mono = mask & 0x80;

long* nums = new long[ fs ];

switch( mask & 0x7 )

{

case 0:

{

for( long i = 0; i < fs; ++i )

nums[i] = 1;

rs = fs;

}

break;

case 1:

{

rs = 0;

long sz = fs/8 + (fs%8 > 0);

unsigned char* net = new unsigned char[ sz ];

fread( net, 1, sz, f );

for( long i = 0; i < fs; ++i )

{

if( GetNBit( net, i ) )

{

rs++;
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nums[rs-1] = 1;

}

else

nums[rs-1]++;

}

delete[] net;

}

break;

case 2:

case 3:

case 4:

case 5:

{

rs = 0;

long bytesCnt = 0;

size_t byteNum = 1 << ( ( mask & 0x7 ) - 2 );

while( bytesCnt <= fs )

{

nums[ rs ] = 0;

fread( &nums[ rs ], byteNum, 1, f );

bytesCnt += nums[ rs ];

rs++;

}

}

break;

}
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unsigned char* bytes4step1 = new unsigned char[ rs ];

switch( ( mask & 0x38 ) >> 3 )

{

case 0:

{

fread( bytes4step1, 1, rs, f );

}

break;

case 1:

{

long rs2 = 0;

//long cntr;

unsigned char* nums2 = new unsigned char[ rs ];

long sz = rs/8 + (rs%8 > 0);

unsigned char* net2 = new unsigned char[ sz ];

fread( net2, 1, sz, f );

for( long i = 0; i < rs; ++i )

{

if( GetNBit( net2, i ) )

{

rs2++;

nums2[rs2-1] = 1;

}

else

nums2[rs2-1]++;

47



}

delete[] net2;

unsigned char* bytes4step2 = new unsigned char[ rs2 ];

fread( bytes4step2, 1, rs2, f );

long cntr2 = 0;

for( long j = 0; j < rs2 - 1; ++j )

{

long diff = ( bytes4step2[ j+1 ] - bytes4step2[ j ] )

/ nums2[j];

for( long k = 0; k < nums2[j]; ++k )

bytes4step1[ cntr2++ ] = bytes4step2[ j ] + diff*k;

}

delete[] bytes4step2;

delete[] nums2;

}

break;

case 2:

case 3:

case 4:

case 5:

{

long rs2 = 0;

long bytesCnt2 = 0;

size_t byteNum2 = 1 << ( ( ( mask & 0x38 ) >> 3 ) - 2 );

unsigned char* nums2 = new unsigned char[ rs ];

while( bytesCnt2 != rs )
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{

nums2[ rs2 ] = 0;

fread( &nums2[ rs2 ], byteNum2, 1, f );

bytesCnt2 += nums2[ rs2 ];

rs2++;

}

unsigned char* bytes4step2 = new unsigned char[ rs2 ];

fread( bytes4step2, 1, rs2, f );

long cntr2 = 0;

for( long j = 0; j < rs2 - 1; ++j )

{

long diff = ( bytes4step2[ j+1 ] - bytes4step2[ j ] )

/ nums2[j];

for( long k = 0; k < nums2[j]; ++k )

bytes4step1[ cntr2++ ] = bytes4step2[ j ] + diff*k;

}

delete[] bytes4step2;

delete[] nums2;

}

break;

}

long cntr = 0;

for( long i = 0; i < rs; ++i )

{

for( long j = 0; j < nums[ i ]; ++j )

{
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long num = ( cntr / w ) % 2 ?

( ( cntr / w + 1) * w - cntr % w ) : cntr;

colbuff[ 4*num + bonus ] = bytes4step1[ i ];

cntr++;

}

}

delete[] bytes4step1;

delete[] nums;

return mono;

}
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3. Çàêëþ÷åíèå

Â ïðîöåññå ðàáîòû áûëè ïîëó÷åíû ôîðìóëû âýéâëåòíîãî ðàçëîæåíèÿ

äëÿ êîíå÷íîé ñåòêè, îíè áûëè ïðåîáðàçîâàíû ñ ó÷åòîì îñîáåííîñòåé

âû÷èñëèòåëüíîé òåõíèêè äëÿ ðàáîòû â ïîëå âû÷åòîâ ïî ìîäóëþ ïðîñòîãî

÷èñëà. Áûë ðàçðàáîòàí ìåòîä ïðåäâàðèòåëüíîãî ñæàòèÿ íåðàâíîìåðíîé

ñåòêè äëÿ ïîòîêà, ïîëó÷åííîãî èç ïðîèçâîëüíîãî èçîáðàæåíèÿ.

Íà îñíîâå ýòèõ ðåçóëüòàòîâ áûëî ñîçäàíî ïðîãðàìíîå îáåñïå÷åíèå,

èìåþùåå âîçìîæíîñòü ñæèìàòü èçîáðàæåíèÿ òèïà BMP. Äëÿ èñïûòàíèÿ

àëãîðèòìà áûëè âûáðàíû äâà òèïà èçîáðàæåíèé: ðåàëüíûå êàðòèíêè �

îáîè ðàáî÷åãî ñòîëà ñ èçîáðàæåíèåì ðàçëè÷íûõ ïåéçàæåé, àâòîìîáèëåé,

öâåòîâ è ò. ï. è èñêóññòâåííûå èçîáðàæåíèÿ äëÿ ïðîâåðêè ðàáîòû

ñæèìàþùèõ ôàç. Ñàìîå èíòåðåñíîå, êîíå÷íî æå çàêëþ÷àåòñÿ â ïðîâåðêå

íà èçîáðàæåíèÿõ ïåðâîãî òèïà. Â ñðåäíåì ëèøü òîëüêî â 5% ñëó÷àåâ

ñæàòèå íå äàëî îùóòèìîãî ýôôåêòà, â îñòàëüíûõ æå ñëó÷àÿõ èçîáðàæåíèå

óñïåøíî ñæèìàëîñü, íåñìîòðÿ íà òî, ÷òî êîå-ãäå íå áûëî çàìåòíî

ïðåäðàñïîëîæåííîñòè èçîáðàæåíèÿ íà ñæàòèå (ðåçêèå ïåðåìåíû öâåòà,

íåêàÿ õàîòè÷íîñòü ñòðóêòóðû). Ïðè ñæàòèè ïðîâîäèëèñü ðåãóëÿðíûå

ñðàâíåíèÿ ðåçóëüòàòà ñ òàêèì èçâåñòíûì ôîðìàòîì, êàê PNG è TIFF,

êîòîðûå òàêæå ñæèìàþò èçîáðàæåíèÿ áåç ïîòåðü. Â ñðåäíåì äàííûé

àëãîðèòì ïðîèãðûâàåò PNG, íî âûèãðûâàåò ó TIFF, õîòÿ ñëó÷àþòñÿ è

îáðàòíûå ñëó÷àè, êîíå÷íî æå âñå çàâèñèò îò ñïåöèôèêè êîíêðåòíîãî

èçîáðàæåíèÿ. Äëÿ áîëåå íàãëÿäíîãî ïðèìåðà îáðàòèìñÿ ê òàáëèöå:
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Òèï èçîáðàæåíèÿ

Èçîáðàæåíèå BMP PNG TIFF Wavelet

Wallpaper 12.288.044 1.784.421 5.921.132 3.083.984

Spectrum 151.578 117.554 146.912 105.017

Auto 2.359.350 516.036 909.520 916.761

Landscape 2.359.350 1.835.615 2.577.234 2.295.157

Beach 3.932.214 1.518.191 2.518.844 1.937.886

Çäåñü ïðåäñòàâëåíû ðàçìåðû â áàéòàõ èçîáðàæåíèé â íåñêîëüêèõ

èçâåñòíûõ ôîðìàòàõ, à òàêæå â ïðåäëîæåííîì ôîðìàòå âýéâëåòíîãî

ñæàòèÿ. Âèäíî, ÷òî íà ñàìûõ ðàçíûõ èçîáðàæåíèÿõ àëãîðèòì äåðæèòñÿ

äîñòîéíî.

Ñ èñêóññòâåííûìè èçîáðàæåíèÿìè âñå åùå ëó÷øå. È, êîíå÷íî

æå, àëãîðèòì îòëè÷íî ñæèìàåò èçîáðàæåíèÿ, ãäå ïðîèñõîäÿò ïëàâíûå

ëèíåéíûå ïåðåõîäû öâåòà áåç ñêà÷êîâ, ëèáî ñ ðåäêèìè ñêà÷êàìè.

Â çàêëþ÷åíèå íóæíî îòìåòèòü, ÷òî âðåìÿ ðàáîòû àëãîðèòìà, êàê

è çàíèìàåìàÿ ïàìÿòü, ëèíåéíî çàâèñÿò îò âõîäíûõ äàííûõ (ðàçìåðà

èçîáðàæåíèÿ). Ýòî ëåãêî âèäíî èç îïèñàíèÿ àëãîðèòìà.
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4. Äàëüíåéøåå ðàçâèòèå

Î÷åâèäíî, ÷òî äëÿ íàèëó÷øåãî ñæàòèÿ íóæíî ïî-âîçìîæíîñòè

èñïîëüçîâàòü âñå îñîáåííîñòè èçîáðàæåíèÿ êàê ïîòîêà äàííûõ. Â äàííîé

ðàáîòå èñïîëüçîâàëàñü, åñëè òàê ìîæíî âûðàçèòüñÿ, �íåïðåðûâíîñòü�

èçîáðàæåíèÿ ëèøü ïî ãîðèçîíòàëè: äàæå åñëè èçîáðàæåíèå ïðåäñòàâëÿåò

ñîáîé ïîâòîðÿåìóþ ãîðèçîíòàëüíóþ ñòðî÷êó, ýòî ïî÷òè íå ïîìîæåò íàì

â ñæàòèè (ðàçâå ÷òî â êðàéíèõ òî÷êàõ èç-çà ñîñòàâëåíèÿ ïîòîêà â âèäå

çìåéêè).

Îòñþäà ðîæäàåòñÿ èäåÿ èñïîëüçîâàòü äâóìåðíûå ñïëàéíû, ò. å. ìû

ïîâòîðÿåì íàøè òåîðåòè÷åñêèå âûâîäû äëÿ äâóìåðíîé ñåòêè è âûâîäèì

óæå íå êóñî÷íî-ïàðàáîëè÷åñêèå ñïëàéíû, à â êà÷åñòâå áàçèñíûõ ôóíêöèé

áåðåì ïîâåðõíîñòè, ïðåäñòàâëÿþùèå èç ñåáÿ ñåãìåíòû ïàðàáîëîèäà

íà êîíå÷íîì äâóìåðíîì ìíîæåñòâå (à áîëüøàÿ ÷àñòü ïî àíàëîãèè ñ

îäíîìåðíûì ñëó÷àåì áóäåò ïðåäñòàâëÿòü ñîáîé ïëîñêîñòü ñ íóëåâîé

àïïëèêàòîé).

Äîâîëüíî èíòåðåñíîé çäåñü ÿâëÿåòñÿ çàäà÷à, ñâÿçàííàÿ ñ ïîñòðîåíèåì

ñåòêè. Åñëè â îäíîìåðíîì ñëó÷àå óäàëåíèå óçëîâ âëèÿåò ëèøü íà ñîñåäíèå

ñïëàéíû, òî â äâóìåðíîì, âî-ïåðâûõ, âëèÿíèå áóäåò ðàñïðîñòðàíÿòüñÿ

ïî äâóì ïåðïåíäèêóëÿðíûì îñÿì, à âî-âòîðûõ, óäàëåííûé óçåë áóäåò

äåéñòâîâàòü íà ñåòêó ïî ýòèì æå íàïðàâëåíèÿì. Íà äàííûé ìîìåíò íåò

ñòðîãîãî ðåøåíèÿ ýòîé ïðîáëåìû, è, íåñîìíåííî, åãî íóæíî ïîëó÷àòü ïóòåì

êàê ìàòåìàòè÷åñêèõ âûêëàäîê, òàê è ñåðèé ýêñïåðèìåíòîâ íà ðåàëüíûõ

èçîáðàæåíèÿõ, ïîýòîìó äàííîå èññëåäîâàíèå ïðåäñòàâëÿåò çíà÷èòåëüíûé

èíòåðåñ.
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